Vacancy-induced magnetism in graphene bilayers is investigated using spin-polarized density functional theory calculations. One of two graphene layers has a monovacancy. Two atomic configurations for bilayers are considered with respect to the position of the monovacancy. We find that spin magnetic moments localized at the vacancy site decrease by 10% for our two configurations, compared with the graphene monolayer with a monovacancy. The reduction of the spin magnetic moment in the graphene bilayers is attributed to the interlayer charge transfer from the adjacent layer to the layer with the monovacancy, compensating for spin magnetic moments originating from quasilocalized defect states.
I. INTRODUCTION
Vacancy defects in crystalline solids have been of fundamental interest in materials science and condensed matter physics. Of particular interest, both technologically and academically, are the vacancy defects in nanostructures of sp 2 -bonded carbon based nanostructures [1, 2] .
They exhibit room-temperature (RT) ferromagnetism [3] , and the underlying physics of their ferromagnetism is different from that of conventional ferromagnetic metals such as iron and cobalt [4, 5] . Successive progress in the understanding of ferromagnetism in carbon-based nanostructures has been achieved by theoretical approaches based on spin-polarized density functional theory [6] [7] [8] [9] and experiments on irradiated carbon nanostructures [10] [11] [12] . To illustrate, for a graphene monolayer (a two-dimensional honeycomb lattice of C atoms) with a monovacancy, it has been elucidated that spin magnetic moment is localized at the vacancy site and that RT-ferromagnetism in the graphene monolayer originates from localized sp 2 dangling bond state as well as quasilocalized defect state [4, 13] . Previous theoretical studies of magnetism in two-dimensional graphitic systems have focused on the graphene monolayer, neglecting the interlayer coupling. In this paper, we investigate, using first-principles calculations, graphene bilayers with a monovacancy to understand the influence of the adjacent graphene layer to the spin magnetic moment of the graphene layer with a monovacancy.
This result would provide a more realistic understanding of vacancy-induced magnetism in graphene multilayer systems including highly oriented pyrolytic graphite (HOPG) [14, 15] .
II. COMPUTATIONAL DETAILS
We perform ab initio calculations based on the density functional theory with spin polarization. The wave functions are expanded in the double-ζ basis set implemented in the SIESTA code [16] . Norm-conserving Troullier-Martins pseudopotentials are employed [17] .
For the exchange-correlation term, we employ the Cerperley-Alder type [18] Because of the missing C atom at the vacancy, the local change in the interlayer interaction occurs. For B 1 configuration, the vacancy site faces a C atom in the other graphene layer.
On the other hand, for B 2 configuration, the vacancy site faces the center of a hexagon in the other graphene layer. Therefore, the charge transfer and the magnetic moment difference in B 1 are somewhat larger than those in B 2 .
Next, we study the influence of the interlayer charge transfer on two origins of monovacancy-induced magnetic moments: (1) the localized sp 2 dangling bond state from broken σ bonds and (2) the quasilocalized defect state from broken π bonds.
To resolve them, we analyze contributions of the orbitals (s, p x , p y , and p z ) in the C atoms in B 1 , B 2 and M to the magnetic moments. In figure 3(a) , it is shown clearly that the difference between the magnetic moments of B 1 , B 2 and M comes from the contribution of the p z orbital.
By comparing bilayer systems (B 1 and B 2 ) to M, we recognize that the reduction of magnetic moments mostly originates from the quasilocalized defect state. S. Choi et al.
13
